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We use the method of light-cone sum rules to study the electromagnetic transition of the Ξ∗++cc
into Ξ++cc γ, whose decay width is estimated to be 13.7
+17.7
− 7.9 keV. This value is large enough for the
Ξ∗++cc to be observed in the Ξ
++
cc γ channel, and we propose to continually search for it in future
LHCb and BelleII experiments.
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I. INTRODUCTION
The doubly heavy baryons provide an ideal platform
to study the heavy quark symmetry, and have been in-
vestigated in various experimental and theoretical stud-
ies during the past three decades [1]. Experimentally,
in 2002 the SELEX Collaboration reported the evi-
dence of the doubly charmed baryon Ξ+cc(3519) in the
Ξ+cc → Λ
+
c K
−π+ process and determined its mass to
be 3518.9 ± 0.9 MeV [2]. However, all the other ex-
periments did not confirm this [3]. Theoretically, lots
of methods and models have been applied to study the
doubly charmed baryons, such as the bag model [4], var-
ious quark models [5], QCD sum rules [6], and lattice
QCD [7], etc. [8]. We refer to reviews [9] for more rele-
vant discussions.
Recently, the doubly heavy baryon Ξ++cc (3621) was dis-
covered by the LHCb Collaboration in the Λ+c K
−π+π+
mass spectrum [10], which channel was previously sug-
gested by F. S. Yu et al. in Ref. [11]. The LHCb experi-
ment measured its mass to be
MΞ++cc = 3621.40± 0.72± 0.27± 0.14 MeV , (1)
which value is significantly larger than the mass of the
Ξ+cc(3519) determined by SELEX [2]. Because the Ξ
++
cc
and Ξ+cc are isospin partners whose mass difference should
be only a few MeV, the LHCb experiment [10] did not
confirm the SELEX experiment [2] neither, but discov-
ered a new state.
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The discovery of the Ξ++cc (3621) quickly attracted
much attention from the hadron physics community,
and many theoretical methods were applied to study
it [12]. Especially, its weak decay properties were stud-
ied in Refs. [13], its magnetic moments were studied in
Refs. [14], and its relevant molecular states were investi-
gated in Refs. [15].
Besides the mass of the Ξ++cc (3621), the LHCb exper-
iment preferentially retains longer-lived Ξ++cc candidates
and favors the JP = 1/2+ assignment [10]. Hence, it
is natural to continually search for the doubly charmed
baryon Ξ∗++cc of J
P = 3/2+. One of its possible decay
channels is the radiative decay Ξ∗++cc → Ξ
++
cc γ. This has
been investigated and the decay width of Ξ∗++cc → Ξ
++
cc γ
was evaluated to be a few or tens of keV when using var-
ious phenomenological models [16–21]. Very probably,
these values are much larger than the weak decay width
of the Ξ∗++cc , making it possible and promising to search
for the Ξ∗++cc in the Ξ
++
cc γ channel.
To further verify the above results, in this paper we use
the method of light-cone sum rules to study the electro-
magnetic transition of the Ξ∗++cc into Ξ
++
cc γ, based on our
previous study on the mass spectrum of doubly charmed
baryons using QCD sum rules [22]. This paper is orga-
nized as follows. In Sec. II we shall use the light-cone
sum rules to study the electromagnetic transition of the
Ξ∗++cc into Ξ
++
cc γ. The numerical analyses will be done in
Sec. III, and the results will be summarized and discussed
in Sec. IV.
II. LIGHT-CONE SUM RULES
In this section we use the method of light-cone sum
rules to study the electromagnetic transition of the Ξ∗++cc
into Ξ++cc γ, which method has been widely used to study
decay properties of hadrons [23–25]. We have also sys-
2tematically studied mass spectra and decay properties of
singly charmed baryons using QCD sum rules and light-
cone sum rules in the framework of heavy quark effective
theory [26].
To use this method we first investigate the following
three-point correlation function:
Πα(p, k, q, ǫ) (2)
=
∫
d4xe−ik·x〈0|JΞ∗++cc ,α(0)J¯Ξ++cc (x)|γ(q, ǫ)〉 ,
where p(= k+q), k, q are the momenta of the Ξ∗++cc , Ξ
++
cc ,
and γ, respectively; ǫ is the polarization vector of the γ.
Note that we have interchanged the initial and final states
to be Ξ++cc γ → Ξ
∗++
cc in the above equation. The currents
JΞ++cc and JΞ∗++cc ,α have been given in Ref. [22]:
JΞ++cc (x) = cos θ1 × η1(x) + sin θ1 × η
′
1(x) (3)
= cos θ1 × ǫ
abc
(
cTa (x)Cγµcb(x)
)
γµγ5qc(x)
+ sin θ1 × ǫ
abc
(
qTa (x)Cγ5cb(x)
)
cc(x)
= t1 × ǫ
abc
(
cTa (x)Cγµcb(x)
)
γµγ5qc(x)
+ t2 × ǫ
abc
(
cTa (x)Cσµνcb(x)
)
σµνγ5qc(x) ,
JΞ∗++cc ,α(x) = cos θ2 × η3α(x) + sin θ2 × η
′
3α(x) (4)
= cos θ2 × Γαµǫ
abc
(
cTa (x)Cγ
µcb(x)
)
qc(x)
+ sin θ2 × Γαµǫ
abc
(
qTa (x)Cγ
µcb(x)
)
cc(x) ,
where
t1 = cos θ1 −
sin θ1
4
, (5)
t2 = −
sin θ1
8
,
and Γαµ is the projection operator
Γµν = gµν −
1
4
γµγν . (6)
The above two currents couple to the Ξ++cc and Ξ
∗++
cc
through:
〈0|JΞ++cc |Ξ
++
cc 〉 = fΞ++cc uΞ++cc (p) , (7)
〈0|JΞ∗++cc ,α|Ξ
∗++
cc 〉 = fΞ∗++cc uΞ∗++cc ,α(p) . (8)
At the hadronic level, we write the amplitude of the
Ξ∗++cc → Ξ
++
cc γ as
MΞ∗++cc →Ξ++cc γ = e g ǫ
µνρσ uΞ++cc uΞ∗++cc ,ρ pµqνǫ
∗
σ , (9)
where g ≡ gΞ∗++cc →Ξ++cc γ is the coupling constant and e is
the charge of the proton. Inserting Eqs. (7-9) into Eq. (2),
we find Πα(p, k, q, ǫ) has the following pole terms:
Πα(p, k, q, ǫ) (10)
= e g ǫµνρσpµqνǫσ ×
fΞ∗++cc fΞ++cc
(p2 −M2
Ξ∗++cc
)(k2 −M2
Ξ++cc
)
×
(
gαρ −
1
3
γαγρ −
pαγρ − pργα
3MΞ∗++cc
−
2pαpρ
3M2
Ξ∗++cc
)
×
(
p/+MΞ∗++cc
)(
k/+MΞ++cc
)
≈
2e
3
g ǫανρσpνqρǫσ ×
fΞ∗++cc fΞ++cc
(p2 − M˜2)2
×
(
p2 + M˜2
)
+ · · · ,
where its leading component is obtained after assuming
that p ≈ k ≫ q, MΞ++cc ≈ MΞ∗++cc , and M˜ ≡ (MΞ++cc +
MΞ∗++cc )/2. Note that we have kept only the double-pole
term but omitted the single-pole terms, which gives some
but not large uncertainties. Here we have used the fol-
lowing formula for the baryon fields of spin 1/2 and 3/2:∑
spin
u(p)u¯(p) = p/+m, (11)
∑
spin
uµ(p)u¯ν(p) (12)
=
(
gµν −
1
3
γµγν −
pµγν − pνγµ
3m
−
2pµpν
3m2
)
(p/+m) .
At the quark and gluon level, we calculate
Πα(p, k, q, ǫ) using the method of operator product ex-
pansion (OPE) [27]. The result is quite messy, so we
show it in Eq. (A1) in Appendix A. It can be naturally
separated into two parts, i.e., the photon can be omit-
ted either from the light quark or from the two charm
quarks. There are many light-cone photon distribution
amplitudes contained in that equation, whose definitions
can be found in Ref. [24]. For completeness, they are also
listed in Appendix B.
Finally, we use the approximation p ≈ k ≫ q once
more to write the two coefficients e−ikxe−i(1−u)qx and
e−ikxe−i(α2+wα3)qx as e−ipx. After performing the Borel
transformation at both the hadron and quark-gluon lev-
els, we obtain the sum rules as shown in Eq. (A5) in
Appendix A, where s0 and MB are the threshold value
and Borel mass, respectively.
Similarly, we calculate the sum rules related to elec-
tromagnetic transitions of some other doubly charmed
and bottom baryons, i.e., Ξ∗+cc → Ξ
+
ccγ, Ω
∗+
cc → Ω
+
ccγ,
Ξ∗0bb → Ξ
0
bbγ, Ξ
∗−
bb → Ξ
−
bbγ, and Ω
∗−
bb → Ω
−
bbγ. We shall
use them to perform numerical analyses in the next sec-
tion.
III. NUMERICAL ANALYSES
To perform numerical analyses, we use the following
values at the energy scale µ = 1 GeV:
1. The parameters in the distribution amplitudes take
the following values [24, 28]:
f3γ = −(4± 2) · 10
−3 GeV2 ,
ωVγ = 3.8± 1.8 ,
3ωAγ = −2.1± 1.0 , (13)
χ = (3.15± 0.10) GeV−2 ,
κ = 0.2 , ζ1 = 0.4 , ζ2 = 0.3 ,
κ+ = ζ+1 = ζ
+
2 = 0 .
Note that we use the above values for both the
vector mesons ρ and φ, which can give some but
not large uncertainties.
2. The quark and gluon condensates take the following
values [1, 29]:
〈q¯q〉 = −(0.24± 0.01)3 GeV3 ,
〈s¯s〉 = 0.8× 〈q¯q〉 ,
〈g2sGG〉 = (0.48± 0.14) GeV
4 ,
〈gsq¯σGq〉 = M
2
0 × 〈q¯q〉 , (14)
〈gss¯σGs〉 =M
2
0 × 〈s¯s〉 ,
ms = 96
+8
−4 MeV ,
mc = 1.23± 0.09 GeV ,
mb = 4.18
+0.04
−0.03 GeV .
3. There are many parameters related to the doubly
charmed interpolating currents JΞ++cc and JΞ∗++cc ,α.
We list them in Table I together with those re-
lated to JΩ+cc and JΩ∗+cc ,α. The parameters related
to JΞ+cc and JΞ∗+cc ,α are the same as those related
to JΞ++cc and JΞ∗++cc ,α. All these values are taken
from Ref. [22], where the mass spectrum of dou-
bly charmed baryons is investigated by using the
method of QCD sum rules.
We also use the same QCD sum rule method to
evaluate the parameters related to their bottom
partners, i.e., the S-wave doubly charmed baryons
Ξ
(∗)
bb and Ω
(∗)
bb . The extracted masses are listed
in last column of Table I, which are consistent
with Ref. [30], where the mass spectrum of dou-
bly heavy baryons is investigated by using the rel-
ativistic quark model. Note that although we list
the mass values evaluated using QCD sum rules,
we do not use them for numerical analyses in the
present study.
4. The mass of the Ξ++cc has been measured by the
LHCb Collaboration to beMΞ++cc = 3621.40±0.72±
0.27± 0.14 MeV [10]. For the masses of the Ξ∗++cc
and other doubly charmed baryons, we take the
values from Ref. [30], where the mass spectrum of
doubly heavy baryons is investigated by using the
relativistic quark model. We list all these values in
the second column of Table I, which will be used
for numerical analyses in the following.
Inserting the above values into the sum rule (A5), we
evaluate the coupling constant gΞ∗++cc →Ξ++cc γ to be
gΞ∗++cc →Ξ++cc γ = 0.30
+0.16
−0.11 GeV
−2 (15)
= 0.304 +0.024−0.026
+0.007
−0.014
+0.033
−0.028
+0.093
−0.045
+0.118
−0.087 GeV
−2 ,
where the uncertainties are due to the mixing angles θ1/2,
the threshold value s0, the Borel mass MB, the decay
constants fΞ++cc and fΞ∗++cc , and various condensates and
parameters in the OPE series and distribution ampli-
tudes, respectively.
For completeness, we show the coupling constant
gΞ∗++cc →Ξ++cc γ as a function of the Borel mass in Fig. 1,
and find that the curve is quite stable inside the Borel
window 3.2 GeV2 < M2B < 3.8 GeV
2.
g
FIG. 1: The coupling constant g
Ξ
∗++
cc →Ξ
++
cc γ
as a function of
the Borel mass MB.
Finally, we use the following decay formula
ΓΞ∗++cc →Ξ++cc γ =
| ~q |
8πM2
Ξ∗++cc
× |
1
4
∑
spin
MΞ∗++cc →Ξ++cc γ |
2 ,
(16)
to obtain
ΓΞ∗++cc →Ξ++cc γ = 13.7
+17.7
− 7.9 keV , (17)
where |~q| is the momentum of the photon in the rest
frame of the Ξ∗++cc . Note that the uncertainties of the
masses of the Ξ++cc and Ξ
∗++
cc have not been taken into
account. Neither do some of the parameters contained
in the distribution amplitudes, such as κ and κ+, etc.
Moreover, we have made some approximations when de-
riving Eq. (10). Therefore, the total uncertainties can
be larger and the final result can be three times larger
or smaller than those we have obtained, i.e., 13.7 +200%
− 67%
keV, while we shall still use Eq. (17) as our prediction.
Using the same approach, we calculate the following
coupling constants
gΞ∗+cc →Ξ+ccγ = 0.23
+0.13
−0.09 GeV
−2 ,
gΩ∗+cc →Ω+ccγ = 0.22
+0.11
−0.08 GeV
−2 ,
gΞ∗0
bb
→Ξ0
bb
γ = 0.050
+0.026
−0.018 GeV
−2 , (18)
gΞ∗−
bb
→Ξ−
bb
γ = 0.081
+0.031
−0.020 GeV
−2 ,
gΩ∗−
bb
→Ω−
bb
γ = 0.053
+0.015
−0.013 GeV
−2 ,
4TABLE I: Parameters related to doubly charmed baryons and their relevant interpolating currents, taken from Refs. [10, 22, 30].
The parameters related to J
Ξ
+
cc
and J
Ξ
∗+
cc ,α
are the same as those related to J
Ξ
++
cc
and J
Ξ
∗++
cc ,α
. Note that we use the mass
values listed in the second column for numerical analyses. The mass values listed in the last (eighth) column are evaluated
using the QCD sum rule method, which we do not use for numerical analyses in the present study.
Baryon Mass (GeV) Currents Mixing Angle s0 (GeV
2) M2B (GeV
2) f (GeV3) Mass (GeV) [22]
Ξ++cc 3621.40 [10] JΞ++cc θ1 = −11± 5
◦ 25± 3 3.5± 0.3 0.15+0.02−0.03 3.58
+0.15
−0.16
Ξ∗++cc 3727 [30] JΞ∗++cc θ2 = 6± 3
◦ 25± 3 3.5± 0.3 0.061+0.006−0.009 3.58
+0.14
−0.10
Ω+cc 3778 [30] JΩ+cc θ1 = −11± 5
◦ 25± 3 3.5± 0.3 0.17+0.02−0.03 3.70
+0.13
−0.15
Ω∗+cc 3872 [30] JΩ∗+cc θ2 = 6± 3
◦ 25± 3 3.5± 0.3 0.074+0.008−0.011 3.69
+0.11
−0.15
Ξ0bb 10202 [30] JΞ++
bb
θ1 = −11± 5
◦ 130± 10 28± 3 0.67+0.20−0.20 10.37
+0.31
−0.34
Ξ∗0bb 10237 [30] JΞ∗++
bb
θ2 = 6± 3
◦ 135± 10 34± 3 0.29+0.08−0.07 10.47
+0.32
−0.32
Ω−bb 10359 [30] JΩ+
bb
θ1 = −11± 5
◦ 130± 10 28± 3 0.82+0.22−0.22 10.45
+0.29
−0.32
Ω∗−bb 10389 [30] JΩ∗+
bb
θ2 = 6± 3
◦ 135± 10 34± 3 0.38+0.09−0.09 10.60
+0.29
−0.31
and estimate their relevant electromagnetic transitions to
be
ΓΞ∗+cc →Ξ+ccγ = 8.1
+11.1
− 4.9 keV ,
ΓΩ∗+cc →Ω+ccγ = 5.4
+6.9
−3.1 keV ,
ΓΞ∗0
bb
→Ξ0
bb
γ = 0.11
+0.13
−0.07 keV , (19)
ΓΞ∗−
bb
→Ξ−
bb
γ = 0.28
+0.24
−0.13 keV ,
ΓΩ∗−
bb
→Ω−
bb
γ = 0.08
+0.05
−0.04 keV .
We list all the above decay widths in Table II.
IV. SUMMARY AND DISCUSSIONS
In this paper we have used the method of light-cone
sum rules to study the electromagnetic transition of the
Ξ∗++cc into Ξ
++
cc γ, whose decay width is estimated to be
ΓΞ∗++cc →Ξ++cc γ = 13.7
+17.7
− 7.9 keV . (20)
We have also investigated electromagnetic transitions of
some other doubly charmed and bottom baryons, includ-
ing Ξ∗+cc → Ξ
+
ccγ, Ω
∗+
cc → Ω
+
ccγ, Ξ
∗0
bb → Ξ
0
bbγ, Ξ
∗−
bb → Ξ
−
bbγ,
and Ω∗−bb → Ω
−
bbγ. To study the latter three processes,
we have used the method of QCD sum rules to investi-
gate the mass spectrum of doubly bottom baryons. The
extracted masses are listed in last column of Table I, con-
sistent with Ref. [30] where the mass spectrum of doubly
heavy baryons is investigated by using the relativistic
quark model.
We summarized the above results in Table II to-
gether with those evaluated in Refs. [16–21]. Our results
are (slightly) larger than those obtained using the bag
model [16, 17], but quite comparable with those obtained
using the nonrelativistic constituent quark model [18],
the relativistic three-quark model including hyperfine
mixing effects [19], the relativistic constituent quark
model within the diquark picture [20], and the chiral per-
turbation theory [21].
To end this work, we note that the electromagnetic
transition of Ξ∗++cc → Ξ
++
cc γ is probably the main decay
mode of the Ξ∗++cc , and its decay width is probably large
enough for the Ξ∗++cc to be observed in the Ξ
++
cc γ channel.
Considering that the Ξ++cc has been recently discovered
by the LHC Collaboration [10], we propose to continually
search for the doubly charmed baryon Ξ∗++cc of J
P =
3/2+ in future LHCb and BelleII experiments.
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Appendix A: Light-cone sum rule results
In this appendix we list the sum rules for the electro-
magnetic transition Ξ∗++cc → Ξ
++
cc γ, obtained by calcu-
lating Πα(p, k, q, ǫ) defined in Eq. (2) at the quark and
gluon level using the method of operator product expan-
sion (OPE). The results are
5TABLE II: Electromagnetic transitions of doubly charmed baryons, in units of keV. For comparison, we also list the results
obtained using the bag model [16, 17], the nonrelativistic constituent quark model [18], the relativistic constituent three-quark
model including hyperfine mixing effects [19], the relativistic constituent quark model within the diquark picture [20], and the
chiral perturbation theory [21].
Process Our results Ref. [16] Ref. [17] Ref. [18] Ref. [19] Ref. [20] Ref. [21]
Ξ∗++cc → Ξ
++
cc γ 13.7
+17.7
− 7.9 4.35 1.43 16.7 23.46 ± 3.33 7.21 22.0
Ξ∗+cc → Ξ
+
ccγ 8.1
+11.1
− 4.9 3.96 2.08 14.6 28.79 ± 2.51 3.90 9.57
Ω∗+cc → Ω
+
ccγ 5.4
+6.9
−3.1 1.35 0.95 6.93 2.11± 0.11 0.82 9.45
Ξ∗0bb → Ξ
0
bbγ 0.11
+0.13
−0.07 – – 1.19 0.31± 0.06 0.98 –
Ξ∗−bb → Ξ
−
bbγ 0.28
+0.24
−0.13 – – 0.24 0.0587 ± 0.0142 0.21 –
Ω∗−bb → Ω
−
bbγ 0.08
+0.05
−0.04 – – 0.08 0.0226 ± 0.0045 0.04 –
Π
Ξ∗++cc →Ξ
++
cc γ
α (p, k, q, ǫ) = Π
Ξ++cc γ→Ξ
∗++
cc
α,light (p, k, q, ǫ) + Π
Ξ++cc γ→Ξ
∗++
cc
α,heavy (p, k, q, ǫ) , (A1)
Π
Ξ++
cc
γ→Ξ∗++
cc
α,light (p, k, q, ǫ) (A2)
=
∫
d4x
∫
d4p1
(2π)4
∫
d4p2
(2π)4
∫ 1
0
du× e−ikxe−i(1−u)qx × ǫανρσqνǫρ × eu ×
{
cos θ1t1 ×
(
−
f3γxσ(3m
2
c + 2p1 · p2)
2(p21 −m
2
c)(p
2
2 −m
2
c)
ψ(a)(u) +
f3γxσp1 · p2
72(p21 −m
2
c)
2(p22 −m
2
c)
2
〈g2sGG〉ψ
(a)(u)
−
f3γxσ(3p
2
1 + 2p1 · p2)
24(p21 −m
2
c)
4(p22 −m
2
c)
m2c〈g
2
sGG〉ψ
(a)(u)−
f3γxσ(3p
2
2 + 2p1 · p2)
24(p21 −m
2
c)(p
2
2 −m
2
c)
4
m2c〈g
2
sGG〉ψ
(a)(u)
)
+cos θ1t2 ×
(
−
10iχ(p1σ + p2σ)
(p21 −m
2
c)(p
2
2 −m
2
c)
mc〈q¯q〉φγ(u) +
5iχ(p1σ + p2σ)
72(p21 −m
2
c)
2(p22 −m
2
c)
2
mc〈q¯q〉〈g
2
sGG〉φγ(u)
−
5iχ(p21p2σ +m
2
cp1σ)
6(p21 −m
2
c)
4(p22 −m
2
c)
mc〈q¯q〉〈g
2
sGG〉φγ(u)−
5iχ(p22p1σ +m
2
cp2σ)
6(p21 −m
2
c)(p
2
2 −m
2
c)
4
mc〈q¯q〉〈g
2
sGG〉φγ(u)
)
+sin θ1t1 ×
(
−
f3γxσ(3m
2
c + 2p1 · p2)
4(p21 −m
2
c)(p
2
2 −m
2
c)
ψ(a)(u)−
3iχ(p1σ + p2σ)
(p21 −m
2
c)(p
2
2 −m
2
c)
mc〈q¯q〉φγ(u)
+
f3γxσp1 · p2
144(p21 −m
2
c)
2(p22 −m
2
c)
2
〈g2sGG〉ψ
(a)(u) +
iχ(p1σ + p2σ)
48(p21 −m
2
c)
2(p22 −m
2
c)
2
mc〈q¯q〉〈g
2
sGG〉φγ(u)
−
f3γxσ(3p
2
1 + 2p1 · p2)
48(p21 −m
2
c)
4(p22 −m
2
c)
m2c〈g
2
sGG〉ψ
(a)(u)−
iχ(p21p2σ +m
2
cp1σ)
4(p21 −m
2
c)
4(p22 −m
2
c)
mc〈q¯q〉〈g
2
sGG〉φγ(u)
−
f3γxσ(3p
2
2 + 2p1 · p2)
48(p21 −m
2
c)(p
2
2 −m
2
c)
4
m2c〈g
2
sGG〉ψ
(a)(u)−
iχ(p22p1σ +m
2
cp2σ)
4(p21 −m
2
c)(p
2
2 −m
2
c)
4
mc〈q¯q〉〈g
2
sGG〉φγ(u)
)
+sin θ1t2 ×
(
−
3f3γxσ
(p21 −m
2
c)(p
2
2 −m
2
c)
m2cψ
(a)(u)−
10iχp2σ
(p21 −m
2
c)(p
2
2 −m
2
c)
mc〈q¯q〉φγ(u)
+
f3γxσ
24(p21 −m
2
c)
2(p22 −m
2
c)
2
m2c〈g
2
sGG〉ψ
(a)(u) +
5iχp2σ
72(p21 −m
2
c)
2(p22 −m
2
c)
2
mc〈q¯q〉〈g
2
sGG〉φγ(u)
−
f3γp
2
1xσ
4(p21 −m
2
c)
4(p22 −m
2
c)
m2c〈g
2
sGG〉ψ
(a)(u)−
5iχp21p2σ
6(p21 −m
2
c)
4(p22 −m
2
c)
mc〈q¯q〉〈g
2
sGG〉φγ(u)
−
f3γp
2
2xσ
4(p21 −m
2
c)(p
2
2 −m
2
c)
4
m2c〈g
2
sGG〉ψ
(a)(u)−
5iχp2σ
6(p21 −m
2
c)(p
2
2 −m
2
c)
4
m3c〈q¯q〉〈g
2
sGG〉φγ(u)
)}
+
∫
d4x
∫
d4p1
(2π)4
∫
d4p2
(2π)4
∫ 1
0
dw
∫
Dα× e−ikxe−i(α2+wα3)qx × ǫανρσqνǫρ × eu ×mc〈q¯q〉 ×
{
6cos θ1t2 ×
(
−
i(3p1σ + p2σ)
(p21 −m
2
c)
2(p22 −m
2
c)
S(α) +
ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
S˜(α)−
i(5p1σ + 3p2σ)
(p21 −m
2
c)
2(p22 −m
2
c)
T1(α)
+
i(5p1σ + 3p2σ)
(p21 −m
2
c)
2(p22 −m
2
c)
T2(α)−
3ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
T3(α) +
3ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
T4(α)
−
i(p1σ + 3p2σ)
(p21 −m
2
c)(p
2
2 −m
2
c)
2
S(α) +
ip1σ
(p21 −m
2
c)(p
2
2 −m
2
c)
2
S˜(α)−
i(3p1σ + 5p2σ)
(p21 −m
2
c)(p
2
2 −m
2
c)
2
T1(α)
+
i(3p1σ + 5p2σ)
(p21 −m
2
c)(p
2
2 −m
2
c)
2
T2(α)−
3ip1σ
(p21 −m
2
c)(p
2
2 −m
2
c)
2
T3(α) +
3ip1σ
(p21 −m
2
c)(p
2
2 −m
2
c)
2
T4(α)
)
+sin θ1t1 ×
(
−
i(3p1σ + p2σ)
2(p21 −m
2
c)
2(p22 −m
2
c)
S(α)−
ip2σ
2(p21 −m
2
c)
2(p22 −m
2
c)
S˜(α)−
i(3p1σ + p2σ)
2(p21 −m
2
c)
2(p22 −m
2
c)
T1(α)
+
i(3p1σ + p2σ)
2(p21 −m
2
c)
2(p22 −m
2
c)
T2(α) +
ip2σ
2(p21 −m
2
c)
2(p22 −m
2
c)
T3(α)−
ip2σ
2(p21 −m
2
c)
2(p22 −m
2
c)
T4(α)
−
i(p1σ + 3p2σ)
2(p21 −m
2
c)(p
2
2 −m
2
c)
2
S(α)−
ip1σ
2(p21 −m
2
c)(p
2
2 −m
2
c)
2
S˜(α)−
i(p1σ + p2σ)
2(p21 −m
2
c)(p
2
2 −m
2
c)
2
T1(α)
+
i(p1σ + p2σ)
2(p21 −m
2
c)(p
2
2 −m
2
c)
2
T2(α) +
ip1σ
2(p21 −m
2
c)(p
2
2 −m
2
c)
2
T3(α)−
ip1σ
2(p21 −m
2
c)(p
2
2 −m
2
c)
2
T4(α)
)
+sin θ1t2 ×
(
−
ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
S(α) +
ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
S˜(α)−
3ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
T1(α)
+
3ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
T2(α)−
3ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
T3(α) +
3ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
T4(α)
−
3ip2σ
(p21 −m
2
c)(p
2
2 −m
2
c)
2
S(α)−
5ip2σ
(p21 −m
2
c)(p
2
2 −m
2
c)
2
T1(α) +
5ip2σ
(p21 −m
2
c)(p
2
2 −m
2
c)
2
T2(α)
)}
,
Π
Ξ++
cc
γ→Ξ∗++
cc
α,heavy (p, k, q, ǫ) (A3)
=
∫
d4x
∫
d4p1
(2π)4
∫
d4p2
(2π)4
× e−ikx × ǫανρσqνǫρ × ec ×
{
cos θ1t1 ×
( 12xσ(m2c + p1 · p2)
(p21 −m
2
c)
2(p22 −m
2
c)π
2x4
+
12xσ(m
2
c + p1 · p2)
(p21 −m
2
c)(p
2
2 −m
2
c)
2π2x4
)
+ cos θ1t2 ×
( 2i(3p1σ + p2σ)
(p21 −m
2
c)
2(p22 −m
2
c)
mc〈q¯q〉
−
ix2(3p1σ + p2σ)
8(p21 −m
2
c)
2(p22 −m
2
c)
mc〈gsq¯σGq〉+
2i(p1σ + 3p2σ)
(p21 −m
2
c)(p
2
2 −m
2
c)
2
mc〈q¯q〉 −
ix2(p1σ + 3p2σ)
8(p21 −m
2
c)(p
2
2 −m
2
c)
2
mc〈gsq¯σGq〉
)
+sin θ1t1 ×
(
−
6xσ(m
2
c − 2p1 · p2)
(p21 −m
2
c)
2(p22 −m
2
c)π
2x4
+
i(3p1σ + p2σ)
(p21 −m
2
c)
2(p22 −m
2
c)
mc〈q¯q〉 −
ix2(3p1σ + p2σ)
16(p21 −m
2
c)
2(p22 −m
2
c)
mc〈gsq¯σGq〉
+
18xσm
2
c
(p21 −m
2
c)(p
2
2 −m
2
c)
2π2x4
+
i(p1σ + 3p2σ)
(p21 −m
2
c)(p
2
2 −m
2
c)
2
mc〈q¯q〉 −
ix2(p1σ + 3p2σ)
16(p21 −m
2
c)(p
2
2 −m
2
c)
2
mc〈gsq¯σGq〉
)
+sin θ1t2 ×
( 48xσm2c
(p21 −m
2
c)
2(p22 −m
2
c)π
2x4
+
2ip2σ
(p21 −m
2
c)
2(p22 −m
2
c)
mc〈q¯q〉 −
ix2p2σ
8(p21 −m
2
c)
2(p22 −m
2
c)
mc〈gsq¯σGq〉
+
48xσm
2
c
(p21 −m
2
c)(p
2
2 −m
2
c)
2π2x4
+
6ip2σ
(p21 −m
2
c)(p
2
2 −m
2
c)
2
mc〈q¯q〉 −
3ix2p2σ
8(p21 −m
2
c)(p
2
2 −m
2
c)
2
mc〈gsq¯σGq〉
)}
.
where eu and ec are the electric charges of the up and
charm quarks, respectively. The integration limits are∫
Dα =
∫ 1
0
dα1
∫ 1
0
dα2
∫ 1
0
dα3δ(1− α1 − α2 − α3) .
(A4)
It can be naturally separated into two parts:
Π
Ξ++cc γ→Ξ
∗++
cc
α,light (p, k, q, ǫ) is obtained when the
photon is omitted from the light quark, while
Π
Ξ++cc γ→Ξ
∗++
cc
α,heavy (p, k, q, ǫ) is obtained when the pho-
ton is omitted from the two charm quarks.
After performing the Borel transformation at both the
hadron and quark-gluon levels, we obtain the following
sum rules
Πα(s0,MB) ≈
2e
3
g ǫανρσpνqρǫσ × fΞ∗++cc fΞ++cc (A5)
×
(
−e−M˜
2/M2
B +
2M˜2
M2B
e−M˜
2/M2
B
)
7=
∫ s0
s<
e−s/M
2
Bρ(s)ds ,
where s0 andMB are the threshold value and Borel mass,
respectively. The spectral density ρ(s) is
ρ(s) =
∫ 1
0
du× ǫανρσpνqρǫσ ×
eu
16π2
×
∫ αmax
αmin
dα×
{
3(2 cos θ1t1 + sin θ1t1)× f3γψ
(a)(u)× (1− α)α (A6)
−2(10 cosθ1t2 + 3 sin θ1t1 + 5 sin θ1t2)× χφγ(u)×mc〈q¯q〉 × (1− α)
}
+
∫ 1
0
du × ǫανρσpνqρǫσ ×
eu
1152π2
×
∫ 1
0
dα δ(s−
m2c
(1− α)α
)×
{
(2 cos θ1t1 + sin θ1t1)× f3γψ
(a)(u)×
(
180m2c − 〈g
2
sGG〉 ×
( 1
M2B
+
(1− 10α)m2c
(1− α)2αM4B
+
5m4c
(1− α)3M6B
))
+6 sin θ1t2 × f3γψ
(a)(u)×
(
72m2c − 〈g
2
sGG〉 ×
( (1− 7α)m2c
(1− α)2αM4B
+
2m4c
(1 − α)3M6B
)
+(10 cos θ1t2 + 3 sin θ1t1 + 5 sin θ1t2)× χφγ(u)×mc〈q¯q〉〈g
2
sGG〉 ×
(7α− 6
α2M2B
+
2(1− 3α+ 3α2)m2c
(1− α)2α3M4B
)}
+
∫ 1
0
dw
∫
Dα× ǫανρσpνqρǫσ ×
eu
16π2
×
∫ 1
0
dα δ(s−
m2c
(1− α)α
)×mc〈q¯q〉 ×
{
(2 cos θ1t2 + sin θ1t2)
×
([
3S(α) + 5T1(α)− 5T2(α)
]
+
1− α
α
[
S(α)− S˜(α) + 3T1(α)− 3T2(α) + 3T3(α)− 3T4(α)
])
+sin θ1t1 ×
(
3
[
S(α) + T1(α)− T2(α)
]
+
1− α
α
[
S(α) + S˜(α) + T1(α)− T2(α)− T3(α) + T4(α)
])
+ ǫανρσpνqρǫσ ×
3ec
32π4
×
∫ αmax
αmin
dα
α
∫ βmax
βmin
dβ ×
{
(2 cos θ1t1 + sin θ1t1)× (m
2
c − 2m
2
c(α+ β) + αβs)
+8 sin θ1t2 ×m
2
c × (1− α− β)
}
− ǫανρσpνqρǫσ ×
ec
32π2
×
∫ 1
0
dα δ(s−
m2c
(1− α)α
)×
(
2 cos θ1t2 + sin θ1t1 + sin θ1t2
)
×mc ×
(
4(2 +
1
α
)〈q¯q〉+ (
2
M2B
+
1
αM2B
+
3m2c
αM4B
+
3m2c
(1− α)M4B
+
m2c
α2M4B
)〈gsq¯σGq〉
)
,
where the integration limits are
αmin =
1−
√
1− 4m2c/s
2
,
αmax =
1 +
√
1− 4m2c/s
2
,
βmin =
αm2c
αs−m2c
,
βmax = 1− α .
Appendix B: Light-cone photon distribution
amplitudes
There are many photon distribution amplitudes used
in the present study. We list them in Eqs. (B1-B8): φγ
is the leading twist-2 distribution amplitude; ψ(v), ψ(a),
A, and V are the twist-3 ones; hγ , S, S˜, and T1,2,3,4 are
the twist-4 ones. We refer to Ref. [24] for the detailed
expressions of these photon distribution amplitudes, and
to Refs. [25] for more distribution amplitudes of pseu-
doscalar and vector mesons.
8〈0|q¯(z)γµq(−z)|γ
(λ)(q)〉 = eq f3γ e
(λ)
⊥µ
∫ 1
0
du eiξqz ψ(v)(u, µ) , (B1)
〈0|q¯(z)γµγ5q(−z)|γ
(λ)(q)〉 =
1
2
eq f3γ εµνqz e
(λ)
⊥ν
∫ 1
0
du eiξqz ψ(a)(u, µ) , (B2)
〈0|q¯(z)σαβq(−z)|γ
(λ)(q)〉 = i eq χ 〈q¯q〉
(
qβe
(λ)
α − qαe
(λ)
β
)∫ 1
0
du eiξqz φγ(u, µ) (B3)
+
i
2
eq
〈q¯q〉
qz
(
zβe
(λ)
α − zαe
(λ)
β
)∫ 1
0
du eiξqz hγ(u, µ) ,
〈0|q¯(z)gG˜µν(vz)γαγ5q(−z)|γ
(λ)(q)〉 = eq f3γ qα[qνe
(λ)
⊥µ − qµe
(λ)
⊥ν ]
∫
DαA(α)e−iqzαv , (B4)
〈0|q¯(z)gGµν(vz)iγαq(−z)|γ
(λ)(q)〉 = eq f3γ qα[qνe
(λ)
⊥µ − qµe
(λ)
⊥ν ]
∫
DαV(α)e−iqzαv , (B5)
〈0|q¯(z)gGµν(vz)q(−z)|γ
(λ)(q)〉 = ieq 〈q¯q〉[qνe
(λ)
⊥µ − qµe
(λ)
⊥ν ]
∫
DαS(α)e−iqzαv , (B6)
〈0|q¯(z)gG˜µν(vz)iγ5q(−z)|γ
(λ)(q)〉 = ieq 〈q¯q〉[qνe
(λ)
⊥µ − qµe
(λ)
⊥ν ]
∫
DαS˜(α)e−iqzαv , (B7)
〈0|q¯(z)σαβgGµν(vz)q(−z)|γ
(λ)(q)〉 = eq 〈q¯q〉[qαe
(λ)
⊥µg
⊥
βν − qβe
(λ)
⊥µg
⊥
αν − qαe
(λ)
⊥νg
⊥
βµ + qβe
(λ)
⊥νg
⊥
αµ]T1(v, qz) (B8)
+eq 〈q¯q〉[qµe
(λ)
⊥αg
⊥
βν − qµe
(λ)
⊥βg
⊥
αν − qνe
(λ)
⊥αg
⊥
βµ + qνe
(λ)
⊥βg
⊥
αµ]T2(v, qz)
+
eq 〈q¯q〉
qz
[qαqµe
(λ)
⊥βzν − qβqµe
(λ)
⊥αzν − qαqνe
(λ)
⊥βzµ + qβqνe
(λ)
⊥αzµ]T3(v, qz)
+
eq 〈q¯q〉
qz
[qαqµe
(λ)
⊥νzβ − qβqµe
(λ)
⊥νzα − qαqνe
(λ)
⊥µzβ + qβqνe
(λ)
⊥µzα]T4(v, qz) .
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